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XXHAUST GAS AND AIR HEAT EXCHAN(3ER

BY L. M. K, Boelter, H, G. Dennison, .
A. Q. Guibert, and E. H. Morrin

subflLaEY

Performance data on a small Airesoarch exhaust gas
and air bent exchanger are presented. Heat transfer rates
were maasured, using about 8000 pounds per hour of exhaust
gae and about 4300 pou~ds per hour of ventilating air.
The Inlet exhauat gas temperature wa~ maintained at approx-
imately 1400° ~; wherea6 the ventilating air temperature
was nbout 950 l’. Tests were made with the air shroud
disposed in two different poeitlons. Preseure drop measure-
ments were made on both the exhaust gas eide and the ven-
tilating air aide of the heat exchanger.

The maximum measured rate of heat transfer was
259,000 Btu per hour; whereae the maximum etatic preesure
drops ware 7.3 Inches of water and 12.4 inches of water on
the exhaust gas and ventilating air sides of the heater,

;
reepectlvely.

The m~asured thermal output~ and pressure drops are
compared vlth pradlctad values and also with measured
values obtain~d on a similar but larger Airesearch fluted-
type heatar.

,
Equations for the unit thermal conductance reported

eerller bra rewr$tten In terms of tha L/D ratio of finned
or unflnned heat exchangers.

The heater, designated for purposes of this report
aa Airesearch hgater no. 2, wae teeted on the large test
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stand iu the Haehanical Engfneerlng LabSutories of the
University of California. (See fi~ 1: for a description
of this test standg see reference 1.-)

The resuats of tests on a eimiiar but larger A~resesmch
heater (designated as no. 1) have been given previously.
(See reference 1.) Theee h~aters are designed for use k
the exhaust gae B&ream of atroraft enginqs for cabin, wing, “
and tail-eurface haating 6yetems. .. -

The

1.’

2.

3.

4.

.

following data were obtained:

Weight ratee pf exhaust gas and of ventilating
air through t46 two aides of the heat exchanger

Temperatures of ventilating air and of exhaust
gae at ontranco aad ex$t of the heater

Temperatures of the heater surfaces

Static pressuro drop measllrdmenta on tha exhaust
gas and ventilating air side6 of the heater
under both i~othermal and non-ieotharmal flow
conditions

Thace measurements were ma~o with both of the air-
ehroud openings on ths sama sids of the hccter and waro
then repeated with the air inlet on the opposite side
from tho air outl~t header. (Seo figs. 4 and 5.)

SYMBOLS

A

c1

cPa

cPg

Da

ilg

ccnstaat (defined in Appendix)

heat capacity of air at constant pressure, 3tu/lb ‘F

hoatcnpccity of ~zheust gas &t c:n6ta~t prassure,
Btu/lb ‘F

lgllrauiic dimeter, fti

hydreulic diamut~r on ventilating alr side; ft

hydraulic diameter on exhaust gas side, ft
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$’Q.. .unit thermal convective cond.uotance .(~yer.age with’..“. ., length), Btu/hr fta oy . .. . .
. . . .

f “~lt thkrmal aonvect”ive coriductanoe ”f”or”the ventl-
-Ca lating air (average with.length)., .Btu/hr fta oJl.. , ...

~CD Unit thermal Conveotiva condu~tanca in & duct for
.:. eAther.fluid using tho hydraulic diameter D &s

the significant dimension in equation (12) (aver-
age with length), Wu/hr ‘Xta.oy

fcg unit thermal convectlvo conductance for the exhaue.t
.. gas (average with Idngth)..,%%u/hr ‘fta ‘r ,.

fc~ uuit thermal convecti~a conductance along .a flat,.
, plate fdr eith~r fluid; using the l’dn”gthof. the

Gg

L

“P.

qg

,t 1

ta

flat plate in thd direction of fluid. flow as the
significant dimension Iu equ.ption (9) (average .
with length), Btu/hr fta ‘F

gravitational force per unit of mass,. lb/(lb seca/ft)

weight rate per unit of nreaa lb/hr fta.1 . . ,.

weight rate par unit of area for ventilating airs
112/hr .ft8

.“ “.
weight rate per unit of area for nxhaust gas,

“lb/hk fta .. . .

length of flat Rlate measured in direction of fluid
floy, ft

length of heat .tr.ansfor surface, ft
..

heat transfer perimeter, .ft . “ . “ ‘
,% .. . . ...,

measured rate of enthalpy change of ventilating air,
*. Btu/hr . . ,

..
..

measured rate of enthalpy change. of exhaust gas, Btu/hr ,
..

arithmetic average temperature of heater surface at
seotion defined by point 1, ‘F

ar%+hmetic average temperature of” heater surfaoe at
section defined by point 2, OBI

I

——
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T* :.,,.~~~!h?:tl~. average m$=~d’mean: absolute tkmgera$tire
of either fluid”= T1 + Ta/.gi “ $ti equation (8)
only; otherwise arithmetic average mixed-mean

. . .. . . .,. . . . .“ j .Tal

.. ::. .. . . . . . “
~ 7:=

“ab”~ti+utetemperature of a~r-= “~ + 460,.. ‘R
i“ 2

. .
.“..

T-.” “arithmetic av;raga ’mixed-mean .~beolute temperature
ei- ..-

. .
..”: of exh”quat ‘gas =

~gl + ~g.a”.+

“-2”

~1 ., OR
mixed-mean absolute temperature

T=”. “mixed-mead absolute ,te”zpe’ratu.=e
.oR . .

. . ,. .

‘iso
mixed-mean absolut”e “tempera;u~i

thermal pregsur”e-drop tests,

. .

“466, ‘R

. .

~ot fluid at point 1,

“o-ffluld at pofnt 2,

. .
. . .

of fluld for iso-
OR

“u ovsr.-all unit thermal conductance; Btu/hr fta ‘~

UA ovar-”#il”ltheraal ”c~nductance , Etu/hr ‘~ “
..

(@~~rit.,r“over-all thermal conductance f~r ‘khe center full- .
fluted section of the heater, “ Zltu/hr ‘r

,. ...-

(UL).~a, over~all “thsrmal conductance for &he tapered ends
of tho heater, 3tu/hr ‘r

Wa

Wg

x

“8’

AP

Apa

weight- r“ate of air, lb/hr “
,

weigilt rate of. exhauet gas, lb/hr . .
., ..

length along a flat plate or duct measur~d in direction
of fluid flow, ft’ “

weight dd?ISity bf f~uld at entranco..to Qe.sting Seckion
(point 1), lb/ft

thicknass of boundary lay~r, f“t
. .

non-isothermal pre~sure drop along heater, ‘ lb/fta
.

pr~ssure dro:p along .haater cn .ventl}at.ing-air side, “
lti/fta .“

..
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A~ia prestau.re drop along heater on ventilating-air “
side, inches H=O.. ... . . .-.

AFg pressu”re drop along heater on exhaust gas side,
lb/ft?

Ap; g pressure drop along heater on exhaust gas sl&e,
inchas Ha O

ApT~*o
“Isothermal proeeuro drop due to friction along

heater a% temperature Tlao

Atln .logarithmla mean temperature difference, ‘F

P“ viscosity of fluid, lb Secffta

A Ta difference betwaen mixed-mean temperatures of
ventilating air at sections defined by points ,
1 and 2 = (Taa - ‘al), ‘F “

/j Tg difference between mixed-maan temperatures of ex-
exhaust. gas at sections defined by points 1
and 2 = (Tgl - ‘~a)s 027

*

Tal mixed-mean temperature of ventilating air at
section deflncd by point 1, ‘F

Taa mixed-mean tompcrc.ture of ventilating air at
section definad by point 2, ‘1?

‘E!1 mixed-mean temperature :f mxhaumt.gas at section
defined by point 1, F

‘ga mixed-mean temperature of exhaust gas at section
definad by point 2, ‘Y

Re Reynolds number = G D/3600 g w

Point 1“ refers to entrance end of h6ater

point ~ refers to exit end of’ heater

DESCRIPTION OF”AIRESEuOE NOo 2“H~AgEIl AND

TZSTIIIG PROCEDURE

The Alrese~.rch no. 2 unit 1s a parallel-flow, un-
finned, i’luted-typo heater containing 40 alternate exhaust

—- .-— . . — —-
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gas r.nd ventilating air passageem The over-all length
of the h~at transfer surface is 20~ inches, A sketch
of this heater is shown in figure 6. Also, photographs
of the heater are shown in fl#xree 2 to 5.

The principal difference between Airesearch heater
no. 2 and heater no. 1 (see reference 1 for n de~cription
of tests on Airoooarch haator no, 1) Is that the heat
transfer surfr.ce of no. 2 is shortar (20~ in. as e.gaiust
26 ln.)- !?he diameter of the shortar heater (.noo2) at
the center section is one-half i~ch less than th~t of
tho longor one (8* in. as ce.gainst 9 in.), and the totnl
number of pr.ss.ages for the no. 2 unit is aleo less (40
against 46). The tapered anti sections aro approxinatcly
the sama on tha two heatar~. The same air shr~~ld as was

used for the Alraeaaroh no. 1 hecter tests (obto.iri~d from
Ames Asroncutlczl Laboratory, Hoffett ~ii~ld, CalIf.) was
shortoned to fit ths smaller hoator~ (see figs. 4 nnd5.)
The inlet hoador of the air shroud contains vanes arrr.nged .
to distribute the flow of nir ri:ound t!la perim~ter of the
heater.

The weight rates of axh=.ust gas nnd vcntilo.tin.g air
wer~ obtained by menns of cnlihrnted squ.zro edge orifices.

Tho cxhauet gcs temporzturus were mansurad nt ths
inlet nnil outlot of tho henter by means of shielded
traversing thermocouples.

A mi.xln.gdevico was used at the exit of the n~.tural-
gas furnace to Cive nn approximately uniform temperature
dlsti-ibution at the entrr.nce to the heater (the meaeured
temperature distribution in deg F at both Inlet and out-
let ends of the hoati~r was within *5 percent of complete
uniformity). (See roi’er”ence 1 for a d~scription of the
test stanil nnd its instrumentation.)

The oxh.-ust gns temporaturo travorsos were mcde :~t
poists 22 inches upstream and 16 inch~s downstream from
the bent tranGfcr section of the heater.

Temperatures of the vent:lsting air %efore and after
passagem through the heater were determined from traverses
made by unshleld.ed thermocouples. Tho temperature traverses
at the iiilet end of the hzater wore uniform within +1 per-
cent and thosa at tha outlet end within *2 percent. These
traverses were made at points 22$ inches before and 33*
inches after the air-chroud opanlngs.
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The heat loss to the surroundings was reduced to a
negligible amount by wrapping the duct~ vith asbestos
sheets.,.. --.,. .....

Temperatures of the heater surfaces were meaeured
at eix polnte, three at each end of the heater. (See
fig. 6.)

Static preegure drop measurements were made acrose
the air and exhaust gas sides of the heater. Two taDS,
lgO degreee aDart, were Installed at each presure measur-
in~ etatlon. The presnure trims on the exhaust ~fls side
were placed 12 inches before and 122 inohes after the heat

2
tranefer section of the heater in an g-inch duct and those
on the ventilating air eide ●’ere mlRced ?7 inchse ahead of
and 20 inches after the air-shroud onenings In a b-inch
duet .

Haat transfer and nressure drop dnta were taken with
the air-shroud openin#?s on the same si~e of the heater
(see fi~. ~+) and also vith the air omenlnps on omnosite
sides (see fig. 5).

CALCULATION’TS

13eat Transfer

The thermal output of tbe heater was ~.etermined ky
the enthalpy change of the ventilating air:

qa=~ac Pa ‘T8
-Ta)

a 1
(1)

‘n ‘hich cPa
was evaluated at the arithmetic average

ventilating-air temperature as n Food urmroxirnation. A
plot of qa against Va at constant valuee of the exhaust
gns rate wg is shol,snin figure 7.

On the exh~uet gns si~e of the heater:

qg =.wg Cpg (Tgl - Tga)



. .

8

I

where cPg VBB evaluated for air at the arithmetic aver-
age exhaust gas temperature previously mentioned.

The over-til thermal conductance UA was evaluatsd
from the expression

q* = (UA) Atim (3)

.

A plot of UA as a function of the ventilating..air
rate Wa at constant values of

%
is shown in figure 8.

A compar~eon of predicted and measured-results for
the larger Aixesearch no. 1 fluted-type heatsr (see refer-
ence 1) reveals that an arbitrary selection of the heat
transfer length L was not ade~uate to account for the
different mechanism of heat trans~er along the tapered .
end section as compared to that along the uniform full-
fluted center section. ,

The rate of heat transfer through thie uniform i’ull-
fluted centar section can be predicted by means of tha
equation

‘A=@J&L.J (4)

where

A heat transfer surface of the center full-fluted eectlon

fc f= the unit thermal conductance on the ventilating
am e air an~ exhaust gas sides of the heater, respec-

tively, are evaluated from the following equations:

Ga
0.8

fc~ = 5.56 X 10-4 Taoma*e
Da

O.n

and

f
o.ase GgO”e

Cg = 5.56 X 10-4 Tg —
Dg O*D

(5)

(6)
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in which D is the hydraulic diameter and the. 6ubscripts
a and g denote ventilating air and exhaust gas sides,

...-
“‘-respective-lyc (See references 2 an~ 3 for derivation. of

equatione (5) and (6).)

The rate of heat transfer through the tapered ends
of the heater wae obtainad in a different mannsr. It ie
very dtfficult to calculate ths rate of heat transfer
through these end sections because of tho nonuniformity
of the fluid $1OW and of the geometry of the fluid passagas, “
Therefore the dlffarence betweetn the predicted over-all
thermal conductance through the uniform center section of
the larger heater, using aqustionm (4), (5), and (6) and
the total measured conductance of the lnrger heater (Aire-
searoh no. l)(reference 1) was used to datermlne the con-
ductance thraugh the tapered end ssctionG, which are about
the same size aud ehape on both heaters.

The end correction for the larg~r heater (no. 1) was
found to vary in the follawing hrm3r:

Wa

(lbfhr)

F

(l?tu/hr ‘1’)
——

3000 64

5000 73

6000 I 77

The variation of (UA)ends with the exhaust gas rate

‘g was smaller in magnitude than with Wa and was some-

what inconsistent since tho magnitudes of (UA)ends ~.t
one value of W

g
vero smaller than thosa at a lower value

of Wg ●

Thus the predicted magnitudes of UA, for Alresearch “ .
no. 2 hazter, as shown In figure 8, are eve.lusted as the
sum of the UA calculated for the uniform full-fluted
center section cf banter no. 2 from equations (4), (5),..
and (6) and the (U4)ends of heatar no. 1 evaluatad from

its variation with Wa previously shown, according to
the equation

.
—— ——
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qn = (UA) At~m = [
(UA)center

1
+ (UA)ende At In (7)

This equation is exact only when the temperature notential
between the sxhaust pas and the ventilating air is constant
along the lenpth of the h~at exchan~er. Thl13 is anmroxi-
mated for an exhaust gas and air h-at exchanper in which
the temperature potential Is larga nnii the At Im is a
mean value of this potential.

Pre~sure Drop

The non-lscth.=rral pressure Irm of either fluid
through tbe heatqr was predlct6d from isothermal measure-
ments hy maans of th~ equation

where

‘PTISO isothermal pressure drop due to friction at
temperature Tiso

V
.1 end Ta mixed-mean nbsolute temp=rntures of fluid at the

ir.let nnd tke ex?t of heqter, respectively

Ta arithmetic av~rape 05 !?~ and Ta

G fluid flow p-r unit of cross-sectionnl area

v= unit weight of fluid at inlet to heater avaluated
~t tenp”rature Tl

The heat transfer nn~ nro~sure drop data for Afresearch
heater no. 2 o~tm~n”d from tests l’ith thp %ir-shroud om_n-
ings on the s.an’eside of the hcmt=r arp presented jn table I
and tho~=. from te~ts with th? air-shroud omenin?s on onmosite
sides are given in table II.

A comparison of measured and nredicted pressure drons
along both sides of the heater is nresented in table III
and shou’n graphically in figures ~ to 11.
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. . . . ~ Sinoe -the aocuraa~ of temperature ‘measurements wan
much greater on the air side of the ‘heater, the enthalvy
ahange of the ventilating air wae used to determine thm
thermal output of the heater,

The average measursd temperature change of the ex=
haust gases during passage through tke heater was about
75° r. A l-percent error In the determinnti~n of either
Inlmt or outlet exhaust gan temperature T

5
= 14000 3’

could cauee an error of 19 percent in the extermination
of the temperature change of the gas. The poor heat
balances obtained for these tests may be due to this error
in measurement and also may be due martly tc Incomplete
combustion of the exhaust gases.

At n ventilatin~ air rnte of 4f)CJ0nounds per hour
the over-all thermal conductance U.4 van 14 percent
lover for this heater (Alresesrch no. 2) than for the
larger (Alresearch no. 1) heater at nn exhqust Fas rate
of 7300 pounds per hour and 11 mercent lower at an ex-
haust gas rate of 4200 mounds ner hour. (See reference 1 ;
for results on Airesmarch no. 1 heater.)

The Isothermal nressure dron on th~ ventllatln~ nlr
~lde of the heater wa~ 17 r@rcent less and on the exhauqt
gas side 30 percfnt less for the smaller heater (AirPsearch
no. 2).

!l!heheat transfer lenpth *IRS r~ilucsd by 21 mercent and

the diameter of the heater by 51 mercent for the smaller
2

unit as comr.arad with Airesearch heater no. 1.

The measured heater surface t~mmeratures were a’bout
lg percent lower for the smaller heater than for the larger
heater at corresyondlng fluld rates and temmeraturee.

Reversing the position of the outlet ventilating air
header, thus causing the air-side o~e~lngs to be on opposite
sides of the heater, did not a?.preclably affect the rtite
of heat transfer. (See fig. 7.) Tht= corresponding iFJo-
thermal pressure drops vere about g percent greater with
the reversed arran~ement. The heater temperatures were from
10 to 15 percent higher at the outlet end of the heater for
this reversed arrangement: whereas the heater temperatures

—_ —. - .- _____ __ _
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naar ths Inlet end were
of the air shroud.

The two air-shroud

n n
[

———-—LA

ga6

In I

‘ ‘–L– . .. .
U I

about the same for the two positions

arrangement cre pictured below:

Air openings on
Game 6ite

t----

1
—m

I

—
i.— I IJ

1
air’%cut .

Air openings on
02>osite siden

The predicted over-all thermal conductance UA ~~

about 17 percent lower than the ~al”.e derived from laborat-
ory measnrementti at EE exhaust <as r~te of 7940 pounds
pep hour md shout 3 psrcsfit lo..:ezat an exhaust gaO rata
of 4230 pounds per hour. (See fiE. 8.)

~:le geemillglY small variation in tho ~redicted ~a#-

nitudes of UA with the exhaust gas rate was P.ue in part
to the ●se of a value of (UA) ~nds vrhich is depen3ent

onl~ on the ventilating-air rate. (See discussion under
Calculations.)

.— ...
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The predicted magnitude of the non-isothermal pres-
sure drop derived from equation (8) compares well with. .
the- measurad...vaUeUe when the air-ehroud openings.were on
the same elde of the heater. (See fig. 9.) The devia%ion
between predicted and measured values for the reversed air-
shroud arrangement may be due to the Increaeed pressure drop
caused by greater contraction, expansion, and eddy loesee
occasioned by the reversing of the voqtllating,.air outlet-
header duct. (See fig. 10s) The Isothermal pressure-drop
term APTiSo used In equation (8) should be that due to

frictloti alone;

The predlated non-isothermal pressura drope on the
exhaust gas side of the heater are ab”out 15 percent lower
than those measured in the laboratory. (See fig. 11.)

An Inepectlon of figuree 9 to 11 reveals that the
slope of the non-isothermal preesure drop curve ie less
than that of tha isothermal one. At high weight ratee
the temperature. change of the fluid Ie small; this causes

.the lmast term In equation (8) T2/Tl - 1 to be small and
thereby lowors the magnitude of the non-isothermal pressure
drop. Aleo on the ventilating air side the non-isothermal
pressu.ro drop must coincide at an infinite weight rate of
ventilating air with the isothermal preesure drop slnco the
Inlet and outlet air temperature would be equal - that” is,
isothermal.

CONCLUSIONS

1. The thermal performance of Alreeearch heater
no. 2 can be aatimated to within 3 to 17 parcent by use of
the method described in this report.

2. The non-isothermal pressure drop due to friction
can be approximated from meaeured isothermal pressure drop
values by meane of equation (8).

3. A roduotion In length from Airesearoh heater no. 1
by 21 percant and In diameter by 5* paroant reduced the
thermal performance by only 10 to 14 paroent. On the ox-
hauet gae eide the praseure drop was reduced by 30 porcont
and on the ventilating air side the pressure drop was re-
duced by about 17 percent.

I .— .-—.—
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4. The alternative arrangement of the outlet
ventilating air header for vbich the air inlet and
outlet openings were on opposite sides of the heater
did not greatly affect the thermal or pressure drep
~haracteristics of Airesearoh heater no. 2 tested here.

University @f Califnrnla, .
Berkeley, Calif.

APPEHDIX

TEETATIVE EQUATIOITS FOR THX CALCULATIO19 OF THE

“ UNIT THERMAL CONVECTIVE COFDVCTAHCE ALOI!TOA

FINYED OR UIJI’IIU!JEDHE.4T EXCEAFGER

The flow’ of a fluid along a flnt-Dlats fin or at
the entrance of a tube or duct placed In a field of uni-
form velecity may be approximately described as fello~’s.
A laminar b~undary layer of r~tnrded v~loclty i9 Initiated
at the edge of the fin or tube and increases in thickness
with distance from the entrance. If the turbulence In the
fluid or the surface roughness, ~tc., Is great enough, the
flow in this boundary layer may become turbulent. As a
first approximation the flov’ characteristics near the tube
inlet may be considered to be those ~long the leading ed~e
of a flat Dlate. At some point downstream from the entrance
of the tube, however, the retnrded ln:~ers along the walls
may fill the tube completely. The same condition auplies
to flow between fins placgd in close Droximlty. (See
sketeh on p. 21 and fig. 3 of r=ference 3.)

The relative thickness ~/x of the boundary lavnr in the

lam$nar regime varies approximately as Re-005 and the thick-

ness 6 as X“”=; whqrctas the ratio --f-- = --gg- vnri~s m8
Q Cp Ro Pr

Re -0.6 -0.5
or as x , where x is the distant% in the direc-

tion of fluid flow me~sured from the entrance of the tube (or
from the edge of the flat-plate fin). If th~ boundary layer is

I
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turbulent, Its relative thiokness 8/x varies Be

Re -0.a and the thickness 8 aa =Omab
o whereas the

-.
f- “Mu - . .

ratio ——— = — varieO as Re-o”% or as i-o”=,
G ap Re Pr

The corresponding functlone in the region of transition
between laminar and turbulent flow are less well known.
Downstream from the point whara the fluid flow 1s fully
devaloped (tube completely filled by boundary layars),
tiha unit t~ermal conductance da independent of the die-
tanoe fdom tha tube entrance and dapends on the hydraulic
diameter of the tube. When the location of this point of
fully developod flow Is kncwn, the equation for the unit
tharmal conductance along flat plates and for that in
tubes may be used to approximate the conductance aa a
function of the heat exchanger length.

Thb conductance equations reported earner (see
references 2 and 3) may bo rawrltten in order to take
into account the variation of the unit thermal conductance
f= with exchanger langth by a tentative method derived
as follows:

Derivation of Equations

For the turbulent regtme the average unit thermal
conductance for tha length 1 alon~ a flat plate (see
raferenca 3) Is

fcl = 9.36 X 10-~ T“”nge l-O”s (lo-~ (9)

!Che local or point v%lue of -f= ne.y ba fjund fron the
express19n (see raferaace 4, p. 38) :

f = fc (l+n) (lo)
‘x

whore n is the oxponsnt Of t (-0.2) iIL ilqllmti~n (9), SO

that

.,
t)8P

f= = 0.8 fct = 7.49 x 10-4 T“”age .&J (11)
x x

.—.
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!Che average conductance in a long tube or duct of
hydraulic diameter D (see references 2 and 3) is

.
0.8

f = 5.56 X 10-4 To-a9e ~
CD ~o.a (12)

Along a tubular heat exchange= or in the ~pace between
flat-plate fins the conductance near the entrtence is given
by equation (11) and that near the end of the passage b;~
equntioa (12).

The corroct mechanism of heat transfer at any point
x may be characterized by the equation yielding the ~reater
ma~nltude of fc at that point. By equating the right
sidee of equations (11) and (12) the vaiue of x/D for

j;gm=tl~xen;~a~;~”
“Therefore at a distance of x = 4.4D

of the tubular heat exchanger or from
the entrance to the space between two flat-plate fins the
local values of fc derived from equat:ons (11) and (12)
ard equal and at this point it can be said that thu flow
is fully develogcd (that 1s, the tuba or space Is completely
filled by the bound”ary lsyers).

Sinoe equation (11) yialda a higher value of fc up
to the point where x = 4.42, this equatfon is used to
evaluate the local value of fc~ up to this point. The

average valqs of f
Y

for any lenztk. 1 up to the ~oint
x = 4.411 may be der ved fror~ equation (9).

For distances alon~ a tube, channel, or fin ~reater
than x = 4.4D, the local value of fc from equation (12)
is higher (furthermore it is coas:ant with length). Therd-
fore equation (12) is used to calculate the local fc for
all values of x between x = 4.4i) ai~d the end of the tube
or fin.

The average vzlue of fc’ for a distance ,~re~%terthan
x= 4.4D Is a combination of equations (11) and (12). For
a tube of hydraulic dianeter D and len~th L % 4.4Dr the
average fc would thus be

r

L

X=4.4”1)

L

x=L

fr=~l fcx
LLO

dx + ‘cD dx 1 (i3)#
to4D . .
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Let equation (12) be written as
.

.. . . . -. . . . ... . .. .
(). 8

f = 7.49 x 10-4 Too=gs Q cl
‘x ~=~

where

cl = 7.49 x 10-4 T“”ae6 G0”8
#

Equation (13) becomes

“*4D c1 =L
fc=N-

lf
~1 dx +

.[
f dx

L
1CD ~

= o x=4. ~1)
,

and, since

fcD+ 3’ (x) .

f= =
~r

1z.
c1 & (4.4D-0) ‘“s + fcn (L-4.4D) 1

Or

and

f= =
1 - c1

l—~o.El(4.4D) O“s + fcD (L-4.4D)
1

61= 7.49 X 10-4 T“”age (/’”8

Hence

‘7.49fc=~i 4.4DX10-4 ~o.ass Go.e

1
+ fcD(L-4.4D) (14)~ ~0,8 (4.4 D)0”n

■m,-,,,,,. ., . . ,.. . ...——-
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It can be seen from equation (11) that the term
.

.

0.8

7.49 x 10-4 !U””e*k——
(4.&a

is equal to fcx for x = 4.4D which was shown to be

also equal to fcD at this value of x. So equation (14)

can be rewritten as

= 1.25 X 4.4 : f= L.+ fcn .1 4.4 ~ ‘cD
D L

= 0.25 x 4.4: fc~ + fcn

fc=f 11+1.1;
CD L 1 (15)

Eence for tube~ or fins of lea#h L ~ 4.411, whero 3
is the hydraulic diameter, the aver~ge conductance fc is
greater thari that expressed b~ equation (12), using the .
hydraulic d.l~~etar as the significant dime~sion, by the

multiplier 1,l+l.l;: Yor a. circular tube in which

D= 1 Inch a~d L = 12 inches this factor Is 1.092, in-
dicating a 9.2 percent correction to equation (12),

!Pho equations above hold for tLa system where a fin
or tube Is placed in a fluid of uniform velocity distribution
and thai transition of the boundary layer from la~i:~ar to
turbulent flow oczurs very near the origin of the bouadary
layer.

In the actual eystem whsre fins are attached to a
surfacs over which a fluid ie flowing, the leading edge of
the fin or flat plate Is eubjeeted to a nonuniform distri-
bution of flvld velocity since the veloclty .is zaro at the
wall or base of the attached f~p.

.
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Another deviatton is found in the system where long
“continuous fins are out or’ slotted at regular intqrvale, ‘.

---?......The.velocity dist-rlbutlon may or may not be appropriate
to initiate boundar-y Iiiyera at each- s-lot if the slots
are narrow,

The effect of plaoing cuts or elote of various sizes
and spacings along flat-plate fins is being investigated
at present in the laboratory. ~x~ariments aro also being
planned to determine the unit thermal conductance as a
function of the exchanger length naar the Inlet.

Recapitulation of Xquations “

.“

The following oriterlon is presented tentatively ‘
(turbulent regima establishatl In tho boundary layers):

“ (a) The local condaatanco fcx at the distance——
x is expressed by equation (11)

0,8
f = 7,49 x 10-4 T0.296 ~

Cx” ~
(11)

(b) The gverage conductance fcl for the iength.
x is given iy equation (9)

fcl = 9.36 X 10-4 Togas= .=5
x“

‘ (.9)

2. Jlor x ~ 4.4D
.

(a) The local constant conductance foDn ex~ressed

by equation (12), Is Independent of the
distance from the entrance of the heat
exchanger. Thus

0.8

f“ =“5.56 X 10-4 To.aee G
cD m (12)

D

,

—— —— -..
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(b) !l?heaverage ivalue of fc for a length
greater than or equal to x = 4.4D is

given by equation (15)

fc=f CD [1+ 1.1; 1 (15)

where ~ is the leugth of the fin or tube. ~quations

(5) and (6) can nov be rewritten:

fGa = 5.56 X 10-4. TaO”a’a ‘;1+ 1,1+’
L-1

(5:1)
L

and

O*FI

fc = 5.56 X 10-4 Tgo”noe
$P

g
*:1+1.1+ 1 (6~)‘G L



.4.0

3.0

2.0

&

‘cD

1.0

-. . ..-. ,m., ..

\

. .

‘CD from equation (12).*

(9) ‘~,
\

(11)
\
\

\
\

—

I

I

I

I ,x=404D
It

1

I
, 1

2 4’ 6 8 10 12 14

Distan,ce from pipe entrance, diameters
I
1

---- \ - -turbulent

\ \
\ \

\
\

\
\ ‘Yor O < x =
\
\
\ fCx from

\
\ fc~ from
\

4.4D

equation

equation

\
\

\
Wor 4.4D Z x C total

fox from equation

fc from equation

boundary layers

1

(11) (local value)

(9) (average value)

length

(12) (local value)

(15) (average value)
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Discussion of Previous Heater Results

The significant ratio of the heat-exchan~or dimensions
x/D = 13.4 for the distance to the point of fully developed
fluid flow reported prevlousl~ (age reference 3) was in
error, since it was derived BT equattng the ri~ht sides of
equations (9) and (12) Instend of eqvationa (11) and (12)
as previously shown.

Lon~’itudinall~ 5’ina~tlTubes.- Ehus t~.e conclusions.--w ----- --------- - .-.--.--
remcked (refei-ence ~, p. 23) concerning tl’e method of cal-
cul~tin~ the rate of lieat transfer from n 6-inch-long fi~t
are p~rtly in error. It was s’t~ted tkat since the rntio
of L/D ~~as less than 1’3.4 thn fc from equntion (10)

(using L) yielded the co~rect heat flo%”; wherena t}]e use
of equation (9) (usin~ D) yi~lded haat-flol~ r~tes a~out
3 percent lelow the measured rates. For the 6-inch fine,
the raiio of L/D was 10.~ for the ventilating air side
and T.g for the exhaust Ras side (arithmetic avera[:e is
9.3). Tkese rmtios then are {-rester thnn L/D = 4.4;
hence eauation (15) should have been us~d. 3y using the
arithmetic* av~ra~e L/D = 9.3, the nulti-lier

r1 + 1.1 :; becom5s apgroxlmatel”: 1.12, or a correction
JJj

Gf 12 percent over that w],ich was obtainsd by usin~ fcn
JJ

alone which yielded low rntes of he~.t transfer hy 3 per-
cent . Thus the predicted r~tos of her.t transfer would
have been 9 percent above the measured value. That those
predictions were high Jfiaybe ex?lafnod in part by the
probable inef~ectiver.ess of the slots plac~d at G-inch
int~rvals alonf- the fins, since OUIF a small fiar (1/lE
incil) was used. (See oonclus’. on L Oil p. 2S of rcf~rence 3.)

The Fredicted results of the brat flow from the 52-
Inch fins (see reference h) are not, however, appr~ciably
affected, since tho correction factor in equntio~l (15) in
only 1.014, which means oill~ a l.u-nercent error.

~iXSSQaZCh-~QS-2-hBa$BZ ● - ~~e over-all thermnl con-
ductance of the Airesea~ck no. 2 banter Cescrihed in thla
report hcs been recalc’’.lated v.sin~ equation (15). Thus
------------------------ ------------- ----- --.---- _---_----_-
*The correct result :!ould b~ obtained by correctln~i tke
fc on the air and gas sides by tho corrospondin~ values

of L/D and recomputing; the over-all conductance U.
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equations (5] and (6) are rewritten as

. . . . ,r.--
.0.8

fCa
s 5.56 ~ 10-”4 Tao. age” ‘a

(
1 + 1.1%)

Da 0.8 L
(5a)

and “

The previous measurements of. heat transfer on the
larger Aire6earch po. 1 heater were uaad to compute the
thermal effect of tho tapered end sections by subtracting
the predicted over-all tharmal conductance of th~ full-
flutad center section from the total c~nductance derived

. from l~boratory r~easuremonts. IIowevar, equations (58)
and (!5a) were used to predict the conductancas In the
full-fluted center section instend of tho analogous
equations (5) and (6) >Cithout tho multiplier (1 + 1.1 II/L).
qhe conductance of the ~nds, w:llch aro ~ractlcallF the
scme aa tho~e on the smallsr Airosearc?% no. 2 unit, was
found to v~ry in the following manner:

I
(lb/hr) I (3tu/hr ‘F) ~

3000 . I 70

5000 “
I

81

6000 I 85

The over-all conductance of the Airesearch no. 2
heeter was then found by adding the co~ductanoe for the
uniform full-fluted center section predicted for this
haater by maaas of equati~ns (4), (5a), aad (6a) to the ,
value of (UA)ende for the larger no. 1 haater evaluated
at the corresponding air rate Va from the t.e31e above,
using the approximate equation (7)

—. .
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The resulting magnitudes of the over-all thermal
conductance using equations (4), (ha), (6a), and (7)
are within 1 or 2 percent o? those derived from the use
of equat”lons” (4), (5),” (6), and (7), “shown in fig. ~,
which do not take into account the L/l) effect in the
full-fluted center section.

However, the use of equations (5a) and (6a) yields
values of UA alon~ the center full-fluted sectfon*
which are 3.2 nercent higher for the lar~e Airss~arch
no. 1 heater and 6.4 percent hi~her for the smaller
Aire9e~rch no. 2 heater thmn Is tke vmlue ~f u!! ob-
tained by use of equations (b) and (6). The method
used in this report for establishing the he~.t flow
through the tamqred ends of the heater ther~fore masks
the variations of UA . caused b~ use of the two forms
of the equations for fc alonp tkr’ cert~r ssctlons of
the heater. That 1~, the dlfferenc= in th~ values of
UA for the center section of the larra no, 1 heater
resultin~ from use of the t%’o forms of th-’ eauntlons
for ffi is absorbed in the tnper=d ~nd correction (Uk)pnds
and carried throuFh to the calcul’.tiom for tk~’ sr~nllpr
no. 2 heater. This dlfferenca does not thk-n amm”ar In
the final valu= of UL. .

Solar fluted-tXFe heater.------- ------ -- - --- .--- Fcr thm Solar fluted-tym+

heater (see also r-ferencs 1) ths rat:g of LiD ‘“aS about

1~.O; hence the multiplier 11 + 1,1 ~:= 1,073. This

f~.ctor used in equations (Sa\ and (6G” would have r-d~c~~
the discrepa~cy het~’een the predlct~d and meaeqlrnd mnpni-
tudes of UA from nbout 20 percent to a%out lJ Fercent.
----------- --------- -----------.----.----------------------
*For the full-flut=d c=mt~r qections of the Airescarrh
heaters the m%gnltude Gf L/D for the. larre no. 1 heater
is 34.0 ancl for the smaller no. 2 heater it is 17.2.
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TABLE I.– A IRESEARCH “ FL UT ED’TYPE HEATER *2 %

AIR-SHROUD OPENINGS ON ‘!iAME ‘SIDE :“ ‘
.

.

--+-EXHAUST-GAS SIDE -

.. .

.
HEATER,’ 1OVERALL
TEMPS.’ PERFORMANCEcAIR SIDE

%
KBtu
F

252

23/

208

~03

217

238

~z=j

207
/6s

/64

/42

/65

/85

203

,..

ATg

“F

38

35

43

43

74

74

/2/

69

72

56

82

86

IQj

.96

. t,’*

o F

-

404

440

:44
,.

‘4s

4;.3

“373

’346

386

’43/

>[s

448

377

328

2.92

A P;

Inches
H.o

/2.o

9.00

6./0

6./0

9.20

/2.3

6.25

8.75

6.~

A67

3.60

S90

8.90

12.4

‘l-i.

“F

A%

“F

-L
‘fRun

No.
“F ‘F

Btu
w

-

‘Z08 0:3297

97

97

95

95

93

89

89

89

90

93

89

&6

85

JM8

378

40

4m

356

333

319

344

377

43d

39J

347

306

284

4000

34G0

2700

2750

3400

4/00

+/00

3350

26S0

2c00

/950

?640

3440

#200

14//

1420

/4//

/398

/394

/390

.

1403

/394

/385

/424

/420

/398

/385

/408

(50.0

74.6

9/.0

I

z
3

4

5

6

7

8

9

10

//

12

/3

/4

261

281

3/3

305

263

240

230

255

288

340

302

258

Z’22

/.99

‘i’3zJ

/.%s

/3&

/355

/320

L36~

,

/282

/32i

}312

/368

/338

/3/2

/282

/3/2

6/6

667

lf60 2/7

/99

/84

/82

/92

209

202

/82

/67

/46

/27

/46

/64

t 73

7740 ‘%30

Z30

G32 //60
.
//3076W 0.-45 718

‘0.42 6977230

7230

72S0

.

6.65

6.50

?.45

8X5

/+7

/47“

//30

//30

1{40

0.68

062
.

624

58/

0.;74.4s .//30J.S40

5940

S940

5..Af

.$4/

58/,

641

748

!;40

/1/0
//20

0.5s

065

9/,4

2.70

2.70

260

(?60

4230

4230

4230

4230

934

/00

/20

//2

0.67

0:60

0.65

065

654

572

502

466

//20

1130
/130

//75

‘ace temps.measured near exhaust-gas inlet to heater.* Arithmetic average of three SU

,, ,,

tee Fig. 6 )

UI 191● ✌✌ ✌✌ ,, ,, ,, ,, ,0 outlet to heater.
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Run

NO.

I

I 29

30

3/

I 32

33
34

I

TABLE 11.- A IRESEARCH FLUTED-TYPE HEATER *2

AIR-SHROUD OPENINGS ON OPPOSITE SIDES

‘AIR SIDE -l— EXHAUST-GAS slDE_ I

Ta,

“F

/04

/04

100

/02

m
96

* Arithmetic

I
+U

I

-n.

“F

362

380

422

373

332

3//

AT.

“F

258

276
322

z 71

234

2/5

4/50

3580

2770

2770

3560

42Sk7

w
Inches@ *F “F

hr

/2.3

965
6.20

5.95
S)05

/2.2

259

239

216

/82

202

223T
/407 136%

14/5 1368

/424 /364

/420 1366

/4/51334
f403/316

Arg Wg

“F J&
hr

39 79/0

47 ?940

m 7940

60 4490

8/ 4490

87 4490

4P;

rnches
HzO

700

700

Z3S

2.60

2.50
~so

$!+
&&

8-50 0.33

/03 0.43

/31 0.61

741 0.41

/00 050

/08 0.48

HEATER I OVERALL
TEMPS. PERFORMANCE

+&
t,*t.’ A%

‘f ‘F e~

39/ 672 /150

~

424 717 1/45

493 8/5 //2s

400 67+ //45

34/ S89 1/60
Jot 52 1/’50

(UA)

R!&
hrOF

225

zag

/s2

/59

/74
/94

average of three surfoce temperatures measured near exhaust-gos Inlet to heater. (see Fig. 6 )

n II 11 ,, ,, u II 11 n autlet ,, ,, ,, . ,,

I
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TABIJEIII

AIRESllMRCHI’LUTED-TYPEHEATER NO. 2

PRESSURE DROP DATA

Run

Measured Predict ed
isothermal non-

W G pressure isothermal
drop pressure—

‘Tiso drop

(lB/hr (lb/sq ft) m
[lb/hr)$q ft) (T~.o=5600R) (lb/sq ft)

Measured I ]
non-

pressure
drop
AP

(lbfsq ft) (OR) (OR)
I I

Air Side (air-shroud openings on same side)

Ta

:OR)

lb 4200 23,300 47.5 62.6
5 3400 18,900 33*5 4g.o

3 2700 15,000 21.6 32.g
10 2000 11,100 12.3 19.1

64.z 545 74k 645
47’OZI 550 al 6go
31.5 557 g70 713
19,0 550 13go 720

Air Side (air-shroud openings on opposite sides)

4290 23,goo 54.5 74.1 63.5 556 771
3560 19,/300 39.0 53.9 47.0 55/3 732
2770 15,400 24,6 37./3 32.2 560 &32

Exhaust Gas Side

I I I I

3 769o 35,900 9.50
6 7250 33,900

33.4
8.60 27.3

10 5915 27,600 6.10 21.2
14 4230 19,800 3050 10.3

663
675
72I.

I I I
37*9 1871 li328lz?4g
33*3 1850 1776 1813
24.g 18g4 l~2g lg56
13.5 lg6g 1772 1820

These entries are taken from plot of APa against Wa or &g against

Wg, since actual isothermal measurements were at slightly different fluid

rates.

Ta 1.13

()

G2

()

T2
AP=APT —

iso Tiso + (3600)2 VI g ~ -1
(g)



Figure l.- Photograph of heater test stand.
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Figures 2 and 3.- Photograph of AireaearCh No. 2

heat er.

Figure 4.- Photograph of Figure 5.- phot~~raph Of

heater in heater in

test stand with air- test stand with air-

shroud headers in normal shroud headers in reversed

position. position.
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Figure 6.- Schematic diagram of Airesearch No. 2 heater and air shroud.
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Figure 7.. Thermal output of Airesearch No.2 fluted-type
heater as a function of ventilating-air rate.
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Figure 9.- Pressure drop on air side of Airesearch No. 2 heater as a
function of ventilating-air rate.
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Figure 11.- Pressure drop on &haukt-gas side of Airesearch No. 2
heater as a fuaction of exhaust-gas rate, .
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